We present rest-frame NIR luminosities and stellar masses for a large and uniformly-selected population of GRB host galaxies using deep Spitzer Space Telescope imaging of 117 targets from the Swift GRB Host Galaxy Legacy Survey spanning 0.03 < z < 6.3, and determine the effects of galaxy evolution and chemical enrichment on the mass distribution of the GRB host population across cosmic history. We find a rapid increase in the characteristic NIR host luminosity between z ∼ 0.5 and z ∼ 1.5, but little variation between z ∼ 1.5 and z ∼ 5. Dust-obscured GRBs dominate the massive host population but are only rarely seen associated with low-mass hosts, indicating that massive star-forming galaxies are universally and (to some extent) homogeneously dusty at high-redshift while low-mass star-forming galaxies retain little dust in their ISM. Comparing our luminosity distributions to field surveys and measurements of the high-z mass-metallicity relation, our results have good consistency with a model in which the GRB rate per unit star-formation is constant in galaxies with gas-phase metallicity below approximately the Solar value but heavily suppressed in more metal-rich environments. This model also naturally explains the previously-reported "excess" in the GRB rate beyond z 2; metals stifle GRB production in most galaxies at z < 1.5 but have only minor impact at higher redshifts. The metallicity threshold we infer is much higher than predicted by single-star models and favors a binary progenitor. Our observations also constrain the fraction of cosmic star-formation in low-mass galaxies undetectable to Spitzer to be small at z < 4.
INTRODUCTION
Long-duration gamma-ray bursts provide a unique and powerful means of studying galaxy evolution: as the extremely luminous explosions of massive stars (Woosley & Bloom 2006) , they are detectable out to very high redshifts (Tanvir et al. 2009; Salvaterra et al. 2009; Cucchiara et al. 2011) , provide backlights with which to study the intervening ISM and IGM in detail (e.g., Prochaska et al. 2007 Prochaska et al. , 2009 Fynbo et al. 2009 ) and-perhaps most importantly-their rate is governed (at least in part) by that of star-formation. The redshift distribution of GRBs and the properties of their hosts can therefore be used to study the evolution of the cosmic star-formation rate density with time (e.g., Totani 1997; Wijers et al. 1998; Blain & Natarajan 2000; Porciani & Madau 2001) and characterize the sites where stars were formed in the early universe, independent of many of the foils that hinder traditional techniques such as uncertain dust corrections or incompleteness to low-luminosity galaxies (e.g., Djorgovski et al. 2001; Ramirez-Ruiz et al. 2002; Tanvir et al. 2012; Trenti et al. 2012; Schulze et al. 2015; Greiner et al. 2015) .
However, only a tiny minority of massive stars actually produce a gamma-ray burst, and as a result the GRB rate may in principle be influenced significantly by factors other than purely the rate of star-formation, such as metallicity. A detailed understanding of any such variations is essential to apply GRB-based inferences of the cosmic star-formation rate density or other broader topics with confidence. Furthermore, they would serve to illuminate the nature of the GRB progenitor: the simplest single-star progenitor formation scenarios imply a strong preference or even requirement for very low metallicities (e.g., Yoon & Langer 2005; Hirschi et al. 2005; Woosley & Heger 2006) while binary-evolution models are more flexible and typically imply relatively modest metal sensitivity (e.g., Izzard The extent to which the GRB rate varies as a function of environmental factors such as metallicity remains an open question observationally. Studies of the redshift distribution alone provide some insight: the comoving GRB rate density shows similar behavior as the star-formation history over most of cosmic time, with perhaps a modest surplus of GRBs at high-redshift (z > 2 − 3) relative to what would be expected if the GRB rate tracked the star-formation rate exactly (e.g., Kistler et al. 2008; Butler et al. 2010; Wanderman & Piran 2010; Robertson & Ellis 2012; Jakobsson et al. 2012; Lien et al. 2014; Perley et al. 2015b ). This alone seems to rule out extremely metaldependent production models and provides some evidence in favor of a more modest dependence. However, this technique is necessarily imprecise: the comoving GRB rate measured at any redshift is an average over all galaxies at that epoch (a diverse population spanning orders of magnitude in metallicities, star-formation rates, etc.) and cannot reveal which types of galaxies contribute most (or least) to the GRB rate. A thorough understanding of the link between GRB production and environment requires also characterizing of the population of GRB host galaxies directly.
Many host-galaxy studies have been performed over the past decade; a summary of these efforts can be found in Perley et al. 2015b (hereafter, Paper I) and in the review of Levesque (2014) . Nearby (z < 1) GRBs are commonly found in hosts that are blue, young, low-mass and metal-poor in comparison to the star-forming field population, but not necessarily extreme in regards to any of these attributes (Savaglio et al. 2009 ). They occur only very rarely in metal-rich and massive galaxies in this redshift range: large, massive spirals with super-Solar metallicity similar to the Milky Way contribute substantially to the local star-formation rate density but are almost never observed to host GRBs (e.g., Le Floc'h et al. 2006; Graham & Fruchter 2013; Vergani et al. 2014) .
The situation at higher redshifts is much less clear. If the rate of GRBs is controlled by metallicity, the declining metallicities of galaxies with increasing redshift should result in a high-redshift host population that is much more representative of star-formation overall compared to z ∼ 0 (Fynbo et al. 2006; Kocevski et al. 2009 ). The first deep NIR and Spitzer studies of GRB hosts at z > 1 produced few detections at these wavelengths, suggesting a host population that remained quite low in average mass (Le Floc'h et al. 2003 , 2006 Castro Cerón et al. 2010; Laskar et al. 2011) . However, these early samples generally under-represented or omitted dust-obscured bursts: more recently, significant numbers of GRBs in massive and metal-rich galaxies have been found by targeting dust-obscured "dark" bursts specifically (Krühler et al. 2012; Rossi et al. 2012; Perley et al. 2013; Hunt et al. 2014) . Also, even without specifically including dark bursts, the UV luminosity distribution of small samples of GRB hosts at z = 2 − 4 seems to show reasonable consistency with a population that selects galaxies in proportion to star-formation (Fynbo et al. 2008; Chen et al. 2009; Greiner et al. 2015 , c.f. Schulze et al. 2015 .
Actually extending these results to firm conclusions about the properties of the high-z host population or the nature of the progenitor is challenging: high-redshift massive GRB hosts clearly exist, but their actual abundance, and where they fit in the overall distribution of properties of host galaxies at z > 1, is difficult to quantify, and the topic is still debated (Savaglio 2012; Perley et al. 2013; Hunt et al. 2014) . Observational studies conducted so far have been heterogeneouslytargeted (biased for or against obscured bursts, and sometimes biased in favor of bright and luminous hosts that are easiest to identify and study), limited in depth or wavelength coverage (based on observations in only one or two filters and difficult to connect with real, physical host properties), and/or too small or too limited in redshift to characterize the high-redshift population.
In Paper I we introduced a new survey of the GRB host galaxy population (the Swift Host Galaxy Legacy Survey, or "SHOALS"), a new project designed to move beyond these limitations. Our survey provides the first host galaxy sample that is unbiased (homogeneously targeted) and sufficiently large (119 objects) to statistically examine redshift evolution in the host population in detail, and we are actively observing the sample at many different wavelengths and to sufficient depths to detect and thoroughly characterize the properties (M * , SFR, etc.) of each individual host.
In this paper we present our Spitzer 3.6 µm photometry of the SHOALS sample (observations at other wavelengths are still ongoing and will be reported in future papers). Spitzer observations are particularly key to the effort, since the rest-frame NIR luminosity probed by Spitzer directly probes the stellar mass-which in turn is tied (e.g., Tremonti et al. 2004 ) to the host metallicity. Metallicity has, for both theoretical and observational reasons, traditionally been viewed as likely to be the primary driver controlling the GRB rate, although it is not the only candidate.
Our Spitzer-IRAC observations and data analysis are described in §2, supported by the redshift measurements and higher-resolution ground and space-based imaging described in Paper I. We outline our results in §3, showing the near-IR luminosity distribution (a good proxy for the mass distribution) of GRB hosts and its evolution with redshift from the local Universe out to redshift 6. We discuss the connection between host properties and the degree of obscuration of the afterglow, and its implications for future surveys as well as the nature of the ISM in high-redshift galaxies. We attempt to model the redshift evolution of the host population using a simple luminosity-dependent cutoff model and show that the near-IR properties and redshift distribution of the population are well-described by a simple model in which GRBs are heavily suppressed above a maximum metallicity threshold of 12 + log[O/H] = 8.95 ± 0.06 (KK04), close to the Solar value. We compare our results to previous work and discuss implications in §4.
OBSERVATIONS AND ANALYSIS

IRAC Observations
The Spitzer Infrared Array Camera (IRAC, Fazio et al. 2004 ) is a four-channel, mid-infrared imager operating on the Spitzer Space Telescope (Werner et al. 2004) . Since the end of the cryogenic mission in 2009, only two of the channels are functional: channel 1, operating between 3.2-3.9 µm; and channel 2, operating between 4.0-5.0 µm. (In this paper we will refer interchangeably to -Spitzer-IRAC 3.6µm imaging of 117 uniformly-selected GRB host galaxies from the SHOALS sample (plus HST imaging for GRBs 080319B and 080603B; §2.4). The red circle denotes the best-available position of the GRB afterglow from the sources identified in Table 3 in Paper I; the yellow position is centered on the GRB host galaxy (Table 2 ; the center location is measured from optical imaging where possible, otherwise from the Spitzer data itself) or on the afterglow location if no host galaxy is detected at any waveband (the latter case is represented by a dashed aperture). Due to Spitzer's depth and large PSF, many of the host galaxies are moderately to severely blended with neighboring objects. Images are 9 ′′ across; North is up and East is left. Figure 1 , but after subtraction of nearby sources using our galfit-based scripting procedure to isolate the host galaxy.
the channels using their channel numbers and central wavelengths: 3.6 µm for channel 1 and 4.5 µm for channel 2.)
Prior to the start of our project, we examined the Spitzer observations catalog to determine which events within the SHOALS uniform sample (outlined in detail in Paper I) had previously been observed by the telescope. A large number (almost half) had observations already present in the archive (see Table 2 for details). We did not request re-observations of these targets. For the remaining targets we conducted new observations as part of our Cycle 9 Large Program (GO-90062; PI Perley).
Our observational strategy was based on the redshift as measured at the time of the start of our campaign (Fall 2012), with deeper observations used for more distant targets. Integration times were typically 0.2-0.5 hours for z < 1; 1.5 hours for 1 < z < 2; 3 hours for 2 < z < 3, and 6 hours for z > 3. For events at unknown redshift at the time of the proposal, we integrated for 1.5 hours. In each case a 100 s frame time was used, dithering using a medium-step dither pattern except in a few cases where the desire to avoid a nearby bright star favored a more compact dithering arrangement. For targets at unknown redshifts and for those thought to be dark/dust-obscured, we also obtained observations in channel 2 (4.5 µm) using the same exposure prescription as for the channel 1 observations. We downloaded the PBCD (Post-Basic Calibrated Data) observations as they became available in the Spitzer Legacy Archive. We use the default astrometry provided by the pipeline without further additional alignment, effectively establishing the IRAC images (which are aligned against 2MASS with an accuracy of 0.3 ′′ by the IPAC pipeline) as the reference system for the survey.
Deblending
Source confusion and contamination are common in even moderately deep Spitzer imaging due to the instrument's large PSF (∼ 1.8 ′′ ). Indeed, inspection of our images (Figure 1) demonstrates that a significant fraction of the target host galaxies are contaminated to some degree by flux from neighboring, unrelated objects. Accurate photometry requires removing this contamination.
We manually examined each Spitzer image simultaneously with any higher-resolution ground-based or HST imaging available of the field (see Paper I) to identify the host-galaxy target and any nearby objects which may contaminate the host or sky apertures. Using a custom DS9/python script, we drew a fitting box around each host position and estimated the locations and sizes of all detected sources inside it (as well as those of any bright sources outside the box edges that contribute significant flux within the box). These were then sent as initial inputs via a python wrapper to galfit (Peng et al. 2002) to iteratively fit and subtract all sources within the box. The default PBCD image is used as the fitter input image with the PBCD uncertainty map providing the pixel uncertainties. For the input PSF we use our own merged combination of the core and extended PRF files from the IRAC website 13 , with the final PSF oversampled by a factor of 5 relative to the PBCD image resolution (or 13 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/calibrationfiles/psfprf/ by a factor of 10 relative to the native pixel scale.) We use a Sersic model with index fixed at n = 1 (typically circular, but elliptical if the source is visibly elongated) or a point-source model depending on the appearance and brightness of the target. The residual images were inspected after the fit, and the routine was re-run with new inputs if necessary until all sources near the host galaxy (including the host itself, if well-detected) were removed as completely as possible from the final residual map. We then created a final output image by constructing a galfit model using the best-fit parameters for all components except for those with fitting the host itself, and subtracted this model from the initial PBCD image to isolate the host galaxy. The subtracted maps are shown in Figure 2 . This procedure was effective at removing contaminating flux for all of our fields, usually leaving negligible residuals except in the cores of very bright stars and galaxies.
2.3. Host-Galaxy Photometry Our galfit procedure returns calibrated PSF-based magnitudes using the appropriate zeropoints for each image. For our final photometry, however, we employ the procedure recommended in the IRAC handbook of calculating aperture photometric magnitudes. These are calculated via the subtracted images described above using a custom IDL wrapper around the aper procedure in the Astronomy User's Library, employing an aperture radius of 1.8 ′′ (1.5 native pixels or 3 resampled pixels). Zeropoints are based on the corresponding values reported in the Spitzer-IRAC handbook, interpolated using our PSF model ( §2.2) to permit the use of fractional native-pixel aperture sizes not given in the handbook. Apertures are centered on the host-galaxy localization as determined from our ground-based imaging or from the fitting/subtraction procedure; the aperture centers employed are given in Table 2 . We estimate uncertainties via the scatter of pixel values in the sky annulus (within the aper procedure), rescaled using an empirical correction for correlated noise expected in subpixelsampled images. We measured this correction to be a factor of 1.25 (in flux) for our PBCD images by placing a large number of random apertures in blank regions of several non-confusion-limited images and calculating the true scatter in the resulting flux values.
In many cases the host galaxy is not detected in the IRAC imaging. For these cases, we calculate an upper limit. If the host is detected in ground-based imaging we fix the aperture location at the host position and calculate a 2σ upper limit on the flux at that location. If we do not know the host location, we center the aperture on the best-available afterglow position and calculate a 3σ upper limit. (The higher σ threshold reflects the additional uncertainty associated with not knowing exactly where to place the aperture.)
Photometry on some of the hosts presented here were also published in previous work (in particular Laskar et al. 2011 and Perley et al. 2013 ) but in all cases the analysis here is independent, using the semiautomated subtraction and photometry procedure above consistently for all targets. Our photometry is generally consistent with these previously published values. We note that further observations and analysis (better de-confusion and precise localization of additional host Field galaxies: Fig. 3 .-Near-infrared absolute magnitudes of a uniform sample of 119 GRB host galaxies (110, or 93%, with measured redshift) and field galaxies. Magnitudes are AB and correspond to a rest-frame wavelength of λrest = 3.6 µm/(1+z), the rest-frame equivalent of the IRAC channel 1 filter. Green points indicate bursts not known to be obscured; red points indicate dust-obscured and "dark" bursts. Darker shades of both colors indicate redshifts measured from late-time host galaxy observations, while redshifts of lighter-shaded points are measured from target-of-opportunity afterglow observations. Field galaxies from Kajisawa et al. (2011) are plotted in gray with area scaled according to SFR. The right panel shows GRBs at unknown redshift (arbitrary x-axis); in this case colors indicate the source of the redshift upper limit. Most of these limits are close to m ∼ 25, which is translated to the main panel as an orange curve. GRB 070808 is shown at z = 1.35. The cyan curve again shows the median of the magnitude distribution of the GRB host population, with the shaded region denoting the 1σ uncertainty on this value.
locations using deeper images) may provide additional improvements in the future so the values reported here do not necessarily represent the final values for the survey, but we do not expect large changes and the current photometry should be adequate for the purposes of this paper.
Targets without IRAC host imaging
After re-analysis of the archival Spitzer imaging for all our fields, we determined that two fields were contaminated by afterglow emission: GRBs 080319B and 080603B were observed only as part of early-time afterglow target-of-opportunity programs and no late-time reference epoch was obtained; all available epochs of both sources are dominated by afterglow and do not usefully constrain the host flux. In principle these could be simply excluded from the sample, but given that the ToO observations were triggered on the basis of their bright afterglows this might bias the resulting sample. Fortunately, in spite of the lack of IRAC imaging, both targets do possess deep archival space-based imaging from HST at wavelengths redward of the Balmer break from which to predict their stellar masses and NIR luminosities for the purposes of our subsequent analysis.
To treat these sources uniformly with the rest of the sample, we estimate their IRAC magnitudes based on fitting the SED of the host using other filters and estimating the resulting IRAC flux by extrapolating the model into the IRAC band. For GRB 080319B we employ the HST data previously presented by (Tanvir et al. 2009 ); for GRB 080603B we use our own observations of the source.
RESULTS
Near-Infrared Luminosity Distribution and Redshift
Evolution In Figure 3 we plot the near-infrared luminosity (in the form of the absolute AB magnitude of the host-galaxy at the rest wavelength corresponding to the 3.6 µm filter; see the top axis) of all galaxies in our survey as a function of redshift. Some redshift-and age-dependence notwithstanding, this quantity is a good tracer of a galaxy's stellar mass: the blue curves show the magnitude that would be measured for several galaxy templates of various masses as a function of redshift. A few GRBs have been treated specially in this plot and the ensuing analysis. For the initial 3.6 µm observation of GRB 050401 in Cycle 4, the orientation of the detector resulted in a great deal of stray light from a bright nearby star; this target was re-observed in Cycle 8 at a better orientation but at 4.5 µm only; because this image is deeper (and the expected 3.6-4.5 µm AB color close to 0.0) we use the 4.5 µm magnitude. The region near the afterglow position of GRB 090313 is strongly blended with a foreground galaxy and is omitted from the plot and subsequent analysis (pending acquiring deep ground-based data to localize the host centroid). GRB 080310 is affected by a diffraction spike from a nearby star; we attempted to model and subtract it, but it is difficult to evaluate the reality of sources at or near the host location and a conservative estimate of the field depth does not reach our program goals, so we omit this also. Finally, as described above, for GRBs 080319B and 080603B no IRAC imaging is yet available, so we extrapolate from the measurements at bluer wavebands assuming colors typical of other faint galaxies in the sample at similar redshifts.
The host galaxy luminosity distribution exhibits strong evolution with redshift, at least at the low-z end: luminous galaxies (e.g. those with M < −21) are common above z > 1.5 but effectively vanish from the host sample below z < 1. To better quantify this, we calculated the median host magnitude as a function of redshift using a moving window encompassing up to 21 objects (10 at lower redshifts and 10 at higher redshifts). Nondetections are included; since the median magnitude is always above the limits of typical nondetectons, our lack of knowledge of their actual flux does not affect the median calculation. The uncertainty of this running median is calculated (and shown as the filled region on the diagram) via a simple resample-with-replacement bootstrap technique.
14 The resulting curves are shown in Figure 3 in cyan. A marked increase of 2-3 magnitudes in the median luminosity is evident up to z ∼ 1.4, at which point the average magnitude levels off, showing no further (significant) variation out to higher redshifts. Some of this behavior can be interpreted as the result of the shift of the effective rest-frame wavelength of the fixed filter (see the thin blue equal-mass curves); in particular a modest downturn of up to 1 mag is expected below z < 1 as a result of the stellar bump moving out of the 3.6 µm bandpass. However, star-forming galaxy SEDs are relatively flat (in AB) between rest-frame wavelengths of 0.8-2.2µm which most of our observations correspond to, and the strong decline in the typical luminosity (by 2-3 mag) at low redshifts is too large to be interpreted as anything other than intrinsic evolution in the population. Specifically, the characteristic mass of the host population declines by approximately an order of magnitude from z ∼ 1.5 to the present time.
An alternative visualization of the redshift evolution of the luminosity distribution is shown in Figure 4 , which plots the cumulative luminosity distribution in a series of redshift bins from 0 < z < 0.5 to 4.5 < z < 6. Nondetections are represented arbitrarily as the limiting magnitude plus 1.0, and shown as a dotted line. While the two lowest-redshift bins show a distribution weighted towards low-luminosity hosts, the remaining curves are nearly identical.
Dark Bursts and the Role of Extinction
The nature of the "dark" GRB population and its implications for the GRB host galaxy population overall has been a major topic in the study of GRB environments during the past decade. Systematic followup of the host galaxies of these events has shown that the hosts of the dust-obscured population show dramatically higher star-formation rates and stellar masses and redder colors than the hosts of unobscured GRBs (e.g., Krühler et al. 2011; Svensson et al. 2012; Perley et al. 2013; Rossi et al. 2012; Hunt et al. 2014) , with major implications for the nature of the GRB host population (and its connection to star-formation) overall.
Given these past results, it is unsurprising that we observe a strong correlation between the existence of obscuration affecting the afterglow and the properties of the host, as illustrated in Figure 3 . It is noteworthy that GRBs occurring within the most NIR-luminous quartile of GRB hosts (those at M 3.6/(1+z) < −22.5 mag, or a mass of about M * > 3 × 10 10 M ⊙ ) are almost exclusively moderately-to severely obscured. This result also emphasizes the critical role of choosing a uniformly-selected sample for studies of this type: had our survey considered only those events with optical afterglow-determined redshifts (light-colored red and green points in the main 14 The treatment of nondetections does affect the faint bound of this uncertainty envelope at z > 3.7, since we detect just above 50% of hosts at these redshift and many replacement trials produce a median set by the assumed value of the limits. A maximally conservative treatment would place the nondetections at a flux level of zero; in this situation the lower uncertainty on the median strictly becomes unbounded. For Figure 3 we randomly assign nondetections at a flux level between the limiting value and zero, but we indicate the lower bound using a dotted line in this region to indicate that this is dependent on the assumption of the distribution of limiting fluxes. panel of Figure 3 ) our results would be entirely different, since nearly all of the luminous galaxies in the sample hosted GRBs whose redshifts required host-galaxy follow-up.
In contrast, GRBs in the least-luminous galaxies are only rarely obscured. Among GRBs in our sample at known redshift, only a single example is definitively dark/dusty and hosted within a galaxy with a luminosity-derived mass less than ∼ 3 × 10 9 . While three others at unknown redshift are in galaxies that are very faint and-unless they are at z ∼ 5-likely hosted in similar galaxies, this is still dwarfed by the numbers of dusty GRBs in massive galaxies or by the numbers of unobscured GRBs in low-mass galaxies. A dust-obscured afterglow in a low-mass host is a very rare situation.
While a detailed analysis of the coupling between the properties of dust seen towards the GRB afterglow (A V , extinction law, etc.) and host galaxy properties will be reserved for future work, we note in passing that the nearly-ubiquitous presence of obscuration in the afterglows of GRBs originating from luminous systems provides further evidence in support of the notion that dust in massive galaxies is fairly homogeneous, or at least contains a large diffuse component. It also suggests that ongoing star-formation in dense and dusty clouds in low -mass galaxies is not a large contributor to cosmic star-formation and more broadly that low-mass galaxies harbor relatively little dust. (See also our discussion of this topic in Perley et al. 2013 , and the discussion in Schady et al. 2014.) We do not see obvious redshift evolution in the tendency for dust-obscured GRBs to inhabit more luminous galaxies: all but one of the dust-obscured bursts at 3 < z < 5 lies within a host galaxy with a mass above the median. This suggests that even over this redshift range, dark GRBs cannot be neglected in studies of host demographics. Several of these GRBs did have an afterglow bright enough to secure an absorption-based redshift measurement, however (and two of these, 080607 and 060210, were indeed included in their sample)-which may suggest that dusty GRBs become less so between z ∼ 2.5 and higher redshifts. However, since dustobscured GRBs represent only a modest fraction of the total at any redshift, we do not yet have sufficient number statistics to address the issue definitely.
3.3.
Comparison to Field-Selected Star-Forming Galaxies The nature of the GRB host population at any redshift is affected both by the true distribution of star-formation within galaxies as well as any preference that the GRB progenitor may have for particular types of environment, and the primary goal of our survey is to search for and characterize these influences. A detailed examination of this topic will require completion of the multi-band survey and as such will be addressed in future publicationshowever, the Spitzer observations alone are already quite informative, since the Spitzer magnitude serves as a good tracer of the stellar mass distribution and can be used to produce model-independent comparisons against starforming galaxies from galaxy field surveys with Spitzer data.
Following an approach similar to our previous study (Perley et al. 2013 ), in Figure 3 we also plot field galaxies from Kajisawa et al. (2011) , with the area scaled based on the star-formation rate of each object. These galaxies come from a deep K s -band selected catalog (MODS, the MOIRCS Deep Survey) of the GOODS-North field. This survey is very deep (K s > 24.9 AB mag at 5σ) and mass-complete to a similar level as is achieved by our Spitzer observations, and contains a large value-added catalog including precise dust-corrected UV and IR starformation rate measurements. It therefore makes an appropriate field-survey comparison sample for our study, although it is susceptible to cosmic variance as a result of the small field footprint (28 arcmin 2 for the "wide" catalog employed here).
The contribution of undetected galaxies to the cosmic star-formation rate in a field survey is fundamentally uncertain without employing assumptions: extrapolating luminosity functions or relying on theoretical models. In contrast, GRBs probe star-formation regardless of the detectability of their host galaxies. To fairly compare the GRB and field galaxy luminosity distributions, we trim both samples at an apparent magnitude cut of m 3.6 < 24.25 AB, which corresponds to the completeness limit of both surveys, and examine only the redshift range of 0.5 < z < 3. (We use aperture-corrected total magnitudes, not the raw catalog magnitudes.) We then calculate the median absolute magnitude of the host galaxy distribution following the same procedure as in the previous section, and the SFR-weighted median absolute magnitude of the field sample; these are plotted as thick solid blue and dashed black lines in Figure 5 . If GRBs were perfect tracers of the cosmic star-formation rate (that is, the GRB rate per unit star-formation was a constant regardless of environmental properties such as metallicity), then the medians of the two distributions would be statistically consistent with each other at every redshift.
Large differences are observed between the actual average mass of our GRB host sample and that of the (SFRweighted) field galaxy population at low redshift: about a factor of three below z ∼ 1. The deviation gradually narrows with increasing redshift but does not completely disappear: at redshifts of z = 2 − 3 the GRB host population is still located in galaxies that are, on average, about 1 mag fainter than what would be predicted for a strictly uniform tracer.
A more detailed representation of this behavior is shown in Figure 6 , which provides cumulative distributions for the absolute magnitude of GRB hosts and of MODS galaxies, the latter weighted by star-formation. (For the lowest-redshift bin, we instead use the wider but shallower COSMOS/Ultra-VISTA survey catalogs from Muzzin et al. 2013 for our comparison, although we have only a few GRB hosts in this redshift range with which to compare.) The GRB distribution is heavily weighted towards low-luminosity (low-mass) galaxies out to at least z ∼ 1.5, and skewed more weakly towards higher redshifts.
3.4. The Threshold Mass and Metallicity for GRB Production A striking feature of Figures 3 and 6 is the near-total absence of GRBs in massive systems at low redshift. Galaxies more massive than 3 × 10 10 M ⊙ (about half the mass of the Milky Way) are responsible for more Figure 3 but now with an apparent-magnitude cut applied to both populations in order to compare the samples only in the regions where both are complete. The cyan curve again shows the median magnitude of the GRB host population near that redshift, this time only for m < 24.25 mag detections. The dashed curve shows the same property calculated from the field survey. GRB hosts are significantly underluminous as a population at all redshifts but especially below z < 1.5. The solid red curve shows a fit to the threshold luminosity based on our analysis in §3.4, a (soft) upper limit for efficient GRB production within a host galaxy.
than a quarter of the cosmic star-formation rate density at z 1 but produced no GRBs in our sample, which is 100% complete and unbiased for galaxies in this mass and redshift range. In contrast, galaxies with a mass only slightly less (10 9 − 10 10 M ⊙ , within a factor of a few of the LMC) produce the majority of GRBs at all redshifts. This observation suggests that the suppression of the GRB progenitor in massive systems must be very strong, but the suppression in moderate-mass systems is minimal. In other words, our observations naturally support the notion that the GRB efficiency as a function of luminosity has a step-like behavior: not strongly variable below a (redshift-dependent) threshold value but plunging to a very low level above it. Since the Spitzer luminosity traces the total stellar mass of a galaxy and the stellar mass is in turn strongly correlated with metallicity, this naturally points towards models in which the GRB progenitor is subject to a maximum-metallicity cutoff. In this model the rising maximum near-IR luminosity observed among the GRB host population with redshift is a natural prediction (Kocevski et al. 2009 ) resulting from redshift evolution of the mass-metallicity relation.
With this model in mind, the threshold luminosity in each redshift bin can be estimated in a straightforward way using the distributions shown in Figure 6 . For each redshift range, we resample the field galaxy magnitude distribution such that it is uniform with respect to starformation (binning individual galaxies of similar magnitudes to produce a new distribution where each magnitude increment has constant total SFR, mirroring the way GRBs are expected to select galaxies) and perform a two-sided K-S test between this and the GRB host luminosity distribution. This procedure is then repeated for a large number of possible maximum-luminosity thresholds spanning the range of the host sample, recalculating the K-S p-value each time. We then estimate the optimum threshold level, and estimate the upper/lower uncertainties, by marginalization. These measurements and uncertainties are presented in Table 1 .
Despite the large size of our survey, we remain strongly limited by the number counts of the GRB host population in each bin and the uncertainty on the threshold measurement is large (typically 0.5-1.0 mag); furthermore, because of the small MODS footprint, variations due to large-scale structure are also likely to impact our ability to compare to the field-galaxy population (in particular, significant overdensities of massive galaxies are apparent at z ∼ 2.2 and z ∼ 3.2). However, at all redshift bins at which we can carry out this analysis, a model with no luminosity cut is ruled out (90 − 99% confidence, depending on redshift). We do, however, find a good match to the distributions at every redshift if a luminosity cut is applied to the field-galaxy sample. The threshold value shows significant variation from bin to bin (as a result of the statistical and systematic limitations of the comparison), so to provide a more robust redshift-dependent estimate of the cosmic average we fit a polynomial to the observed measurements (plus additional anchor points -The cumulative luminosity distribution of GRB hosts compared to the star-formation-weighted distribution of galaxies in GOODS-N from MODS above the completeness limit of the survey. (For the lowest-redshift bin we instead compare to Ultra-VISTA.) Since field surveys are incomplete to faint galaxies the galaxy curve is anchored to the host distribution starting at a common limiting magnitude shown as the dotted vertical line. The curves are highly inconsistent at low redshifts with an almost complete dearth of GRBs in luminous and massive galaxies responsible for 30% or more of cosmic star-formation at that epoch (as also seen in Figure 3 ). Milder inconsistency is observed at higher redshifts. No appropriate mass-limited sample exists with which to compare beyond z > 3.5. The dashed portion of the GRB curve incorporates nondetections in the same way as Figure 4. at low redshift and high redshift). The resulting bestfit, redshift-dependent threshold is shown as the solid red curve in Figure 5 ; measurements and fit-interpolated values are also presented in Table 1 .
Translating the luminosities to stellar masses by interpolating the same template models used in Figure  5 , the inferred threshold mass drops from 10 11 M ⊙ at z ∼ 3 to a few times 10 9 M ⊙ at z ∼ 0. Taking this analysis a step further, these masses can be converted to approximate metallicities via the analytic expressions for the redshift-dependent mass-metallicity relation of Zahid et al. (2014) to measure the redshift-dependent threshold metallicity. If the GRB efficiency is controlled only by metallicity (and not other factors that are varying over the Universe's history, such as the average specific SFR) we would expect to measure a consistent metallicity at each redshift. Indeed, we find that all of our observations are consistent with redshift-independent GRB metallicity threshold of 12 + log[O/H] = 8.95 ± 0.06 on the KK04 system, or (converting using the relations of Kewley & Ellison 2008) 8.65 ± 0.06 on the PP04 system. In either case this is close to the Solar value (Asplund et al. 2009 ).
Given that the Zahid et al. relation was fit only to z < 1.7 data the extension of their analytic prescription to higher redshifts is purely an extrapolation, and it is somewhat surprising that we continue to see agreement between our measured threshold and their massmetallicity-redshift relation even at z = 2.25 and z = 3. The actual mass-metallicity relation at higher redshifts has been investigated directly by other surveys (e.g., Savaglio 
2008)
15 but remains uncertain, in part because the ionization properties of high-redshift galaxies appear to be quite different than those at lower redshifts (e.g., Steidel et al. 2014; Sanders et al. 2015) , putting the calibration of popular diagnostics and prescriptions developed at z ∼ 0 into doubt at these epochs. Our observations may actually help shed some light on this topic: given the good consistency between the GRB host luminosity function with the evolving mass-metallicity relation from z ∼ 0.5 to z ∼ 2.0 with a fixed, approximately Solar metallicity limit, the continued avoidance of GRBs from massive (∼ 10 11 M ⊙ ) galaxies out to z ∼ 3 suggests that massive systems are metal-enriched at or above at least the Solar value (and would favor the use of abundance diagnostics/calibrations consistent with this evaluation). If so, this would be an interesting reversal: while the metallicity sensitivity of the GRB progenitor has long been seen as an obstacle for its use to measure the cosmic star-formation rate density, this property may in the end turn out to be valuable by making GRBs a independent tracer of chemical evolution.
Turning to low redshifts, although our inferred cut value provides a good explanation for the luminosity distrubution of galaxies over the full range of redshifts wellprobed by our survey, it is somewhat higher than the effective metallicity cuts measured by spectroscopic surveys at low redshift. For example, Modjaz et al. 2008 infer a cutoff value of ∼8.5 (on the Kewley & Dopita 2002 abundance scale, equivalent to 8.67 on KK04) based e Oxygen abundance corresponding to column (d), converted using the analytic mass-metallicity relation of Zahid et al. (2014) . f Fraction of cosmic star-formation at that epoch which readily produces GRBs.
on four objects at z ∼ 0.1; the updated analysis of Graham & Fruchter (2013) finds reasonable agreement with this cut value for the bulk of their population (although fully 5 of their 14 hosts have measured metallicities above this.) Wolf & Podsiadlowski (2007) find a cutoff value of 8.7 ± 0.3 (KK04) using a photometric analysis of published low-z hosts. Given the large uncertainties on these earlier values (associated with the small sample size) they might not be inconsistent with our new measurement. In addition, it must be remembered that the sample of local, low-luminosity GRBs has properties quite different from the cosmological population observed at high redshift (e.g., >5 orders of magnitude in E iso and in observed volumetric rate; low-luminosity GRBs are also quasi-spherical and probably not jetted; Bromberg et al. 2011) . Most low-redshift samples are also still based primarily on pre-Swift GRBs whose selection is particularly heterogeneous and difficult to model; future studies of low-z events from the more uniform, better-understood Swift population should help better constrain the true nature of the low-redshift population.
3.5. Peering Below the Surface: The Fraction of Star Formation in IRAC-Undetected Galaxies If the GRB efficiency is close to uniform in galaxies with luminosities/metallicities below our inferred threshold, our observations can be used to provide an independent means of estimating what fraction of all starformation occurs in the least luminous and lowest-mass galaxies at each redshift. At the completeness level of the MODS survey (approximately m 3.6 = 24.25, slightly shallower than the level achieved our host galaxy survey) the star-forming fraction in fainter galaxies can be read directly from our plots in Figure 7 as the fraction where the completeness magnitude intersects the GRB host curve. Given the depth of the survey, this fraction is unsurprisingly quite low at z < 2: 10-20% in every well-sampled redshift bin. At higher redshifts the implied survey-detectability fraction drops significantly: the fraction of faint hosts is ∼30% at z = 2.25 and ∼50% at z = 3. Our survey goes deeper than MODS at z ∼ 3 (m lim ∼ 25) and gives an even tighter constraint to this depth; only about 30% of star-formation is in galaxies fainter than that level (about 3×10 9 M ⊙ ). Extending this constraint to even higher redshift (z > 3.5) is contingent on the assumption that GRB host distribution probes the entire galaxy population (i.e., that even the most massive galaxies have metallicities below our inferred threshold), an assessment we cannot test directly because no mass-complete field-galaxy samples exist at these redshifts 16 . However, at the depths achieved on our deep high-z fields (m 3.6 ∼ 25.5 mag, corresponding to ∼few ×10 9 M ⊙ ) we continue to detect approximately half the GRB population out to the redshift limit of the sample (z ∼ 5.5), indicating that about half of star-formation occurs in galaxies less luminous/massive than this threshold. If GRBs continue to avoid high-mass galaxies even in this redshift range, this fraction would be lower.
Correcting the GRB-Inferred Cosmic
Star-Formation Rate History Figure 7 also allows us to measure directly the fraction of star-formation at each epoch that does not produce GRBs (except possibly at a much reduced rate)-this is simply the fraction of the plot above the horizontal dotted line. In the last column of Table 1 we provide this measurement, which is ∼ 0.85 at z ∼ 2 (indicating that GRBs track star-formation well in all galaxies except for those responsible for 15% of cosmic star-formation) but drops below 0.5 at z < 0.5 (indicating that half or more of the star-formation in the Universe does not produce GRBs, except perhaps in unusual circumstances.)
This allows us to correct the cosmic GRB rate estimated in Paper I to examine whether or not the same Figure 6 , but under a model in which GRB production is stifled above a certain luminosity threshold. The threshold is determined via our procedure in §3.4 by marginalization using a K-S analysis, smoothed in redshift via a polynomial fit: this value is shown as the right vertical dotted line in each panel. The threshold is also translated to the fraction of star-formation traced well by GRBs, indicated by the horizontal dashed line. GRBs are poor tracers of star-formation at low redshifts (nearly all GRBs between 0.5 < z < 1.0 were produced by galaxies responsible for only 25% of cosmic star formation at that epoch). At higher redshifts of 1.5 < z < 3 they are much better tracers, but are still not "perfect" (the ∼15% of star-formation in the most luminous galaxies still produce few to no GRBs). The cosmic rate density of GRBs compared to that of star-formation. The top panels show the raw, uncorrected GRB rate: the plot on the left is based on the SHOALS sample and uses the same data and calculation procedure as Paper I (based on S and E iso ; the plot on the right uses all Swift GRBs from 2005-2014 (a larger but potentially biased sample) and uses the more traditional fav and L iso,av . An "excess" in the GRB rate is seen at high-z. In the bottom panels we have corrected these rates based on the observed tendency for GRBs to avoid luminous galaxies at low-z. With the exception of the z = 8 − 10 bin we now observe good consistency in the respective rates.
model that explains the evolution of the luminosity distribution can also explain the redshift distribution and in particular the apparent excess of GRBs at high-z (or equivalently, the deficiency at low-z). We again use a polynomial fit to interpolate between the redshift bins for the values in Table 1 and simply divide each bin by the resulting value of f SF .
The result is plotted in Figure 8 (left panels). The correction procedure greatly reduces the discrepancy; while the z > 2 data points are still above the SFRD curves the excess is less than a factor of two and always less than 2σ significance.
Since our GRB rate derivation procedure (using E iso from a fluence-limited sample) differs from previous work, in the right panels of Figure 8 we also show the rate derived in the more conventional fashion using the average flux/luminosity of each burst, F = S/T 90 (we continue use a k-correction to the 45-450 keV band instead of bolometric corrections). Results are nearly identical, with the exception that this procedure recovers two z > 8 bursts that were dropped by our fluence cut (090423 and 090429B; Salvaterra et al. 2009; Tanvir et al. 2009; Cucchiara et al. 2011) , which would imply a very high rate at this epoch. This may imply different behavior entering the reionization era (in the burst rate or perhaps in burst properties-both events were remarkably short after taking into account time dilation) but may also be a fluke. More searches for very high-z GRBs will be needed to investigate this.
Otherwise, our analysis provides further support to the notion that the entire GRB rate behavior-both as a function of galaxy mass and as a function of redshiftcan be explained in terms of the chemical history of the universe. Above z 3 GRBs track star-formation; below this point massive galaxies build up metals and cease GRB production, shifting the host luminosity distribution to fainter galaxies and reducing the cosmic GRB rate.
DISCUSSION AND CONCLUSIONS
In this paper we have demonstrated, for the first time, the signatures of cosmic evolution in the physical properties of the GRB host population across a vast redshift range from z ∼ 0.3 out to z ∼ 6, only 1 Gyr from the Big Bang. The median host NIR luminosity does not evolve much between z ∼ 5 and z ∼ 1.5, but at lower redshifts (z < 1.5) the average luminosity drops by over a factor of 10. The z < 1.5 host population is dramatically fainter than would be expected for an population that traces star-formation uniformly, and our observations unambiguously require that the GRB efficiency vary strongly as a function of galaxy mass. At higher redshifts of 1.5 < z < 3.5, the population is also slightly underluminous compared to a fully uniform tracer, but the difference is much more modest.
We emphasize that our target population was selected in an unbiased manner and our redshift completeness is very high (above 90%), so our conclusions involve no systematic error associated with sample selection and minimal systematic error associated with redshift measurement. In principle, since the galaxies that have escaped redshift measurement are all quite faint, or since we could in principle have misidentified a bright foreground system with the host galaxy in a small number of cases, the host galaxy population might actually be slightly fainter than we infer. But even this would leave our statistical comparion against star-forming galaxies effectively unaltered: the unknown-z hosts are fainter than the MODS galaxies against which our comparison is based (and so would not enter into the comparison); likewise, any hypothetical faint background hosts (which would be rare in any case, not representing more than a few percent of the sample; see e.g. Bloom et al. 2002 or Perley et al. 2013 would have to be undetected in our Spitzer/optical/HST imaging and would likewise be dropped from the comparison. In any case, there is no possibility that the host galaxy population is brighter than we have reported, which firmly rules out any model for which the GRB rate is independent of environment.
Our results illustrate the importance of an unbiased approach similar to our own when addressing GRB demographics at high redshift. Had dark bursts been omitted from our survey (or no campaign had been undertaken to measure their redshifts) nearly all objects in galaxies with a mass of 10 10 M ⊙ or above would have been dropped, and the mass/metallicity threshold we would have inferred would have been correspondingly much lower than the near-Solar value we estimate from this study. Or, had we drawn our sample from the general Swift pool without imposing the optimized observability cuts discussed in Paper I to produce a high initial redshift completeness, a large fraction of the GRBs in fainter hosts would not be able to have their redshifts measured, producing an apparent host population biased towards brighter galaxies. These types of biases have bedeviled previous work on this topic, leading to the confusion regarding the degree to which GRBs do or do not track the star-formation rate. (This confusion has lasted even up to the present day: see e.g. Savaglio 2012 or Hunt et al. 2014 for contrary views of the GRB host mass distribution using selection-biased samples that over-represented luminous galaxies beyond z > 1.) We hope that our unbiased selection, large sample, and uniform observational strategy will clear this point up unambiguously and pave the way towards effectively using GRBs to probe starformation and galaxy evolution within the (large) regime in which they do seem to track predictions well, and perhaps even using their metallicity dependence as a tool for understanding chemical evolution.
We hypothesized that the behavior seen in our sample-a strong shift with decreasing redshift towards a lower-mass host population that deviates from the general population of star-forming galaxies more stronglywas the result of time-evolution in the mass-metallicity relation in a manner similar to what was previously predicted by, e.g., Kocevski et al. (2009) . Using a simple model in which the GRB efficiency is constant at low metallicity but falls sharply above a maximummetallicity threshold, we found good agreement for a redshift-independent threshold metallicity of 12 + log[O/H] = 8.95 (on the KK04 abundance scale, equivalent to 8.65 on the PP04 scale)-close to the Solar value. The same model provides a good explanation for the GRB rate history, largely eliminating the previouslyreported GRB rate "excess" at high-z and producing a consistent picture (within a factor of 2) of the cosmic star-formation history with the results of high-redshift field surveys. A hint of a possible upturn at z ∼ 8 will require future investigation.
The metallicity threshold we infer is somewhat, but not dramatically, higher than what has been reported by previous GRB host surveys (and assumed by Kocevski et al. 2009 ). On the other hand, it is unambiguously much higher than the metallicity upper limits predicted by single-star theoretical models (e.g., MacFadyen & Woosley 1999; Hirschi et al. 2005; Yoon & Langer 2005; Langer & Norman 2006) -likely indicating that the progenitor is a binary system of some sort. Future models for the progenitor formation process will need to consider why the GRB production rate appears to exhibit a sharp metallicity threshold but does so at a value much higher than originally predicted.
We emphasize that the suppression of the GRB rate in galaxies above our luminosity cut need not be total: GRBs in metal-rich environments are known to exist (e.g., Levesque et al. 2010; Graham & Fruchter 2013; Kruehler et al. 2015; Hashimoto et al. 2014) , and even if the metal avoidance was total we would expect chemical inhomogeneity to smear the threshold somewhat. Indeed, we observe a few hosts with luminosities above our best-fit threshold at each rate-but always fairly close to the threshold itself, and in a number that suggests that the rate in these hosts must be lower by about an order of magnitude comped to hosts below the threshold.
If our interpretation that the GRB efficiency is nearly constant below this threshold is correct, our results can also be used to constrain the importance of low-mass galaxies to cosmic star-formation. We detect a large majority of the targeted hosts at low to moderate redshift (90% at z ∼ 1 and 70% at z ∼ 2 − 3), consistent with the notion that most star-formation occurs in galaxies in the range of masses detectable to Spitzer at these distances (approximately z > 10 9 M ⊙ )-not in extremely low-mass dwarfs or outside galaxies, consistent with the present understanding of star and galaxy formation (but in contradiction to a recent study of the unresolved optical background; Zemcov et al. 2014) . We continue to detect about half of the targets in the sample even out to z ∼ 5.5, indicating that we have not yet reached the epoch of cosmic history where most of cosmic star-formation shifts to small galaxies that are still being formed. Deep rest-frame UV observations of the (not-unbiased) sample of known GRB hosts at z > 5. 5 have not yet detected any targets down to very faint levels (Tanvir et al. 2012) , which may suggest that the transition to low-mass galaxies occurs close to this epoch.
While our observations support the leading paradigm in which metallicity is the primary factor controlling the rate of GRB production as a fraction of star formation, they do not yet establish that it is the sole driver. The consistency of the host mass population with a metallicity-threshold model at many different redshifts and the similar consistency with the cosmic starformation rate both suggest that other factors cannot be too important unless they correlate with metallicity in very specific ways to mimic a metallicity effect. However, other influences remain possible, especially if related to galaxy parameters that correlate with metallicity which would show similar trends with mass and time. We (e.g., Perley et al. 2013 Perley et al. , 2015a have previously noted that even the intermediate-mass host population at z ∼ 1 − 2 shows other peculiarities compared to what are thought to be typical star-forming galaxies: their colors are bluer, their specific star-formation rates are higher, and they are more likely to be detected at radio wavelengths. Kelly et al. (2014) has noted that GRB hosts at z ∼ 0.5 appear to be unusually compact compared to supernova host galaxies of similar mass. Finally, the cutoff value we infer from our sample at z = 0.5 − 2.0 is slightly in excess of what has previously been inferred from lower-z hosts; this could simply reflect the limited size and selection of low-redshift samples but could also indicate the influence of a second parameter (sSFR, IMF, etc.) We are currently collecting a large library of multiband optical, NIR, and radio observations to examine these possibilities in detail and will report the results in future papers associated with the survey. 
